We have designed a patterned OSC based on 2-D arrayed dielectric nanospheres loaded on the indium tin oxide anode with other functional layers conformally embossed in the same profile as the nanosphere array. This design shows an integrated light absorption efficiency of 76.6% in the PSBTBT:PC 71 BM active layer over the wavelength range from 400 to 900 nm at normal incidence, outperforming the structurally identical planar control cell by 21.6%. Detailed investigations reveal that the excitation of photonic modes including the hybridization of cavity modes and Bloch modes, plasmonic modes, and their mutual coupling are responsible for the observed broadband enhancement in light absorption. Among them, the photonic modes are confirmed to be main contributor at most of the absorption band of PSBTBT:PC 71 BM, whereas at the absorption band edge of PSBTBT:PC 71 BM, the plasmonic resonance joins with the photonic resonances, collaboratively producing an enhancement factor as high as 110%. Moreover, the broadband absorption enhancement of our proposal is insensitive to the incident angle, favoring the practical application. This work provides a low cost and efficient route for achieving high-performance OSCs in experiment.
Introduction
Organic solar cells (OSCs) are very promising as a clean and renewable energy source due to their low cost, ease of manufacture, light weight, good transparency, and compatibility with flexible substrates [1] - [3] . One limitation of OSCs is their low power conversion efficiency (PCE), originating from the low carrier mobility of organic materials [4] . A thick active layer which ensures efficient light absorption inevitably leads to a decrease in internal quantum efficiency, whereas a thin active layer typically results in insufficient light absorption. To compensate for the inefficient light absorption by thin active layers, metal nanostructures which can excite plasmonic and/or photonic resonances have been widely utilized for harvesting light [5] - [12] . In this work, we propose an alternative method, which is introducing a dielectric nanosphere array into OSCs to construct light trapping profiles, thereby boosting the absorption of light in the active layer. Compared to the way of introducing metal nanogratings into OSCs which has reliance on high-cost and complex lithography and pattern transfer techniques, this method benefits to cost reduction because the dielectric nanospheres can be obtained with the low-cost solution process and can self-assemble into periodical array on the indium tin oxide (ITO) electrode very easily [13] , [14] . On top of the assembled dielectric nanospheres, other functional layers of OSCs can be conformally manufactured [15] .
The dielectric nanospheres array, such as SiO 2 , Si 3 N 4 , and TiO 2 nanospheres, have been used on top of ultrathin film crystalline silicon for enhancing the light absorption by coupling incident light to the underlying silicon layer [16] , [17] . The self-assembling polystyrene (PS) nanospheres molds [14] , [18] - [21] have been used to carve the surface of poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) buffer layer into 2-D nanobowl arrays, thereby boosting light trapping in OSCs or light extraction in organic light-emitting diodes (OLEDs). In these works, PS dielectric nanospheres had been removed in the final devices, and thus, the depth nanobowls is not enough due to the limitation of the thickness of PEDOT:PSS layer. In this theoretical work, 2-D arrayed dielectric nanospheres are incorporated into the PEDOT:PSS buffer layer to construct the patterned OSCs. Different from the existing related works [18] - [21] , the dielectric nanospheres remain within the OSCs to obtain deeper concave-convex pattern in the followed PEDOT:PSS layer, active layer along with Ag back cathode. It is noted that the inclusion of dielectric nanospheres in PEDOT:PSS does not degrade its hole transport property [22] . Besides, the charge collection efficiency could be increased through this proposal as the interface between the active layer and the buffer layer has been lengthened [23] . Therefore, this design should be feasible from the point of view of electric performance of OSCs. Theoretical calculations based on the finite element method (FEM) indicate that our proposed OSC with dielectric nanospheres exhibits a broadband and omnidirectional optical absorption improvement compared with the planar control cell. It is demonstrated that for the proposed OSC, the integrated absorption efficiency in the active layer over the wavelength range from 400 nm to 900 nm at normal incidence considering that the AM 1.5G solar spectrum reaches 76.6%, outperforming the planar control cell by 21.6%. By systematically analyzing the field distributions at the absorption enhancement peaks, we attribute the outstanding performance of the dielectric nanosphere incorporated OSC to the excitation of diverse resonance modes at different wavelengths, i.e., the hybridization of cavity modes, Bloch modes and plasmonic modes. It should be pointed that our proposed structure is very suitable for the thermal evaporation-fabricated OSCs [13] , [14] , [19] , [20] . Of course, such a structure is also available for the solution-fabricated OSCs [15] . Maybe there are some challenges in the process of fabricating devices based on spin coating technique. The devices with thin active layer could suffer from the risk of shunting paths, while for the devices with thick active layer, such as PffBT4T-2OD:PCBM [24] , the light harvesting effect could be weaken due to the reduced bump depth at the interface active layer/Ag cathode. Therefore, for the solution-fabricated OSCs with arrayed dielectric nanospheres the thickness of the active layer should be carefully tuned to achieved a trade-off. This work contributes to the development of high efficiency OSCs and the in-depth understanding of the light trapping mechanisms in OSCs.
Structure and Method
The 3-D schematic diagram of the proposed dielectric nanosphere incorporated OSC is shown in Fig. 1(a) with its 2-D cross-section view indicated in Fig. 1(b) . Herein, the indium tin oxide (ITO) with a thickness of 150 nm, acting as the anode, is placed on a glass substrate. The 2-D array of dielectric nanospheres with a diameter of D and period of P is loaded on ITO. A continuous PEDOT:PSS film with a thickness of Tp is followed as the anode buffer layer. Then the active layer of PSBTBT:PC71BM with a thickness of T, consisting of the blend of poly{ (4, PEDOT:PSS, PSBTBT:PC71BM and Ag were taken from [9] , [25] . All calculations were performed by FEM. Just one unit cell [see the dotted box in Fig. 1(a) ] is necessary for simulation with the boundary conditions of the perfectly matched layer along z-axis to eliminate any artificial boundary reflections and the periodic boundary condition (at normal incidence) or the Bloch boundary condition (at off-normal incidence) along x-axis and y-axis applied. The plane wave is normally incident along z-axis from the glass substrate of which the thickness is semi-infinite in calculation. All simulations were carried out when the electric field of the incident light is polarized along y direction [termed as the transverse electric (TE) polarization], except as otherwise noted. Our numerical methods have been verified by studying the problems in [26] . Absorption properties of OSCs are investigated over the wavelength range from 400 nm to 900 nm to match the absorption band of PSBTBT:PC71BM. Throughout this paper, we fix the thickness of the active layer T = 120 nm according to an experimental work [24] . The thickness of the continuous PEDOT:PSS film is fixed as Tp = 30 nm. Other parameters are optimized as D = 120 nm, Fill Factor F = D/P = 0.66, and n = 1.45 (the refractive index of the dielectric spheres) according to our parametrical study. For comparison, the planar device (excluding the nanospheres) in the same architecture with the same thickness of the active layer (i.e., 120 nm) is also investigated as the control.
Results and Discussions
We first examine the absorption spectrum of the active layer in the proposed dielectric nanosphere incorporated OSC (denoted as the patterned device) at normal incidence, as shown in Fig. 2 , where the absorption spectrum of the active layer in the planar control device is also displayed for comparison. The absorptivity at a specified wavelength, denoted by Abs, can be directly extracted once the distribution of electric field is calculated out. One can observe clearly from Fig. 2 that our proposed device exhibits a pronounced broadband absorption enhancement compared with the planar control device. The detailed calculations show that for the patterned device, the integrated absorption efficiency A int over the whole considered wavelength range from 400 nm to 900 nm, considering the weight of AM 1.5 G solar spectrum, is equal to 76.6% with an increase of 21.6% with respect to that of the planar control device (63.0%).
To understand the origins of absorption enhancement for the proposed OSCs, we calculate the absorption enhancement factor (η enh ) (obtained by the ratio of Abs of the patterned and planar control devices minus 1), as displayed in Fig. 2 . Obviously, four absorption enhancement peaks located at λ 1 = 460 nm, λ 2 = 590 nm, λ 3 = 690 nm, and λ 4 = 820 nm, respectively, are observed in Fig. 2 , and the peak of λ 4 exhibits an enhancement factor of 110%, much stronger with respect to other three peaks. Next, the electromagnetic field distributions for the proposed device are investigated at each enhancement peak in detail. Fig. 3(a) and (b) plot the distributions of electric field |E y | in the xz plane (at y = 0) and yz plane (at x = 0), respectively. In addition, the distributions of the magnetic field |H x | in the xy plane (at z = 300 nm) and yz plane (at x = 100 nm) are also plotted in Fig. 3(c) and (d) , respectively, for a complete capture of the resonances. Here, the amplitude of the electric/magnetic fields is normalized by the corresponding incident field. By analyzing systematically all subfigures, we found that rich modes (the hybridization of photonic and plasmonic modes) are excited at all enhancement peaks but the detailed resonant properties are different at different peaks.
First, it is observed that the field distribution at λ 4 is quite different from those at other three wavelengths. The main feature is that at λ 4 , there is very strong electric field concentrated at the rugged corners of the Ag/active layer interface (indicated by the dotted circle) as shown in Fig. 3(a) . It is noted that, in Fig. 3(a) , the color scale of the |E y | plot at λ 4 is from 0 to 4, which is much broader than the scales at other wavelengths. Such a strong electric field is due to the excitation of the plasmonic resonance. The propagating surface plasmon mode with the magnetic field maximal at the Ag/active layer interface and gradually attenuated away from the interface is excited, as shown in Fig. 3(d) (the rightmost plot) . Due to the lattice scattering effect, in one unit cell one node is formed along x direction and two nodes are formed along y direction as reflected from Fig. 3(c)  (the rightmost plot) . One of the interference spot along y direction is quite bright, responsible for the strong electric field as shown in the dotted circle of Fig. 3(a) (the rightmost plot) . At λ 4 , we notice that the photonic resonance including the hybridization of the first order cavity mode along z axis and the first order Bloch mode along y axis is also excited; see the bright spot in the rightmost plot of Fig. 3(b) . But the photonic mode is eclipsed in Fig. 3(a) (the rightmost plot) since the plasmonic resonance appears much stronger. At λ 4 , though the collective effect of both the plasmonic and photonic modes contributes to the absorption enhancement, it should be the excitation of the strong plasmonic resonance brings forward the evident enhancement factor (110%, much stronger than those at other three peaks).
At other three peaks, it is mainly the diverse photonic modes taking place. It is seen clearly that in the xz plane [see Fig. 3(a) ], the resonant order of the photonic modes increases when the wavelength becomes shorter. At λ 3 , there is only one apparent spot excited (corresponding to the hybridization of the first order cavity mode along z axis and the first order Bloch mode along x axis), which is vertically centered at z = ∼300 nm. As the wavelength is shortened, this bright spot gradually goes up towards the back cathode. Eventually, at λ 1 , the region of the active layer with curved profile is suffused with a bright spot (which is vertically centered at z = ∼360 nm), below which two additional bright spots are formed. In other words, a higher order photonic mode is excited at λ 1 . The mode can hardly be appointed with exact numbers of orders as its mode profile is distorted due to the complicated geometrical profile. While in the yz plane [see Fig. 3(b) ], the resonance displays different behaviors. At λ 2 and λ 3 , it is the hybridization of the first order cavity mode along z axis and the first order Bloch mode along y axis excited; see clearly the bright spot in Fig. 3(b) (two middle plots) . However, the bright spot disappears at λ 1 and a homogeneous flat band is produced inside the curved active layer [ Fig. 3(b) , the leftmost plot]. It is then deduced that at λ 1 , there is no Bloch mode excited along y axis. Here, one also notices that there is strong electric field accumulated at the corner of the rugged Ag/active layer interface in the yz plane at the first three wavelengths [see Fig. 3(b) ]. Such accumulation of electric field is due to the excitation of plasmonic resonance, reflected from Fig. 3(c) and (d) . At λ 2 , because the plasmonic excitation is relatively stronger and the photonic mode goes deeper into the curved active layer, the absorption enhancement factor is a bit greater, with respect to the case of λ 3 .
To sum up, the detailed field investigations reveal that diverse photonic modes (i.e., the hybridization of cavity modes and Bloch modes) and plasmonic modes are excited when light impinges on our patterned OSCs. These different types of resonant modes are mutually coupled, resulting in a collective impact on the absorption of PSBTBT:PC 71 BM layer. At most of the absorption band of PSBTBT:PC 71 BM (between 400 nm and 750 nm), the photonic modes play the major role on absorption enhancement, whereas at the absorption band edge of PSBTBT:PC 71 BM (between 750 nm and 900 nm), the plasmonic resonance joins with the photonic resonances, which collaboratively produces an enhancement factor as high as 110%. Next, the angular dependent absorption of the proposed OSC is investigated under illumination by different polarized light as displayed in Fig. 4 . As we mentioned, TE polarization means that the electric field component is along y axis; correspondingly the transverse magnetic field (TM) polarization has the electric field along x axis. In our calculation, the wavevector of the off-normal incident light is kept within the xz plane, i.e., the azimuth angle is fixed as 0 o . As can be seen, at both polarizations, the broadband absorption is maintained very well when the incident angle is smaller than 50 o . When the incident angle becomes larger, the absorption performance at TM polarization is better than that at TE polarization. When the incident angle is 70 o , the integrated absorption efficiency (A int ) declines to 59.0% at TE polarization, while that at TM polarization is still as high as 70.2%. The roll-off of A int at extremely large incident angle comes from the reduction of absorption at the middle of the investigated wavelength band for both TE and TM polarizations. Benefiting from the extraordinary light trapping property of the 3D geometrical profile introduced through dielectric nanospheres, A int of the proposed OSC is 64.6% at θ = 70 o under hybridization polarization, which is still higher than that of the planar control cell at normal incidence (63.0%). All indicate that the designed structure exhibits a wide-angle and polarization-insensitive outstanding optical absorption performance. Such omnidirectional feature is very favorable for practical applications.
In the following, we study the influences of structural parameters including the diameter (D) of the dielectric nanospheres and the fill factor F = D/P on the light absorption in the active layer for the proposed device. When other parameters are fixed as default, the dependence of integrated absorption efficiency A int in the active layer on D is investigated, as shown in Fig. 5(a) . Since the active layer is 120 nm thick, we limit D smaller than 120 nm. It is observed that A int decreases monotonously with the decrease of D and A int is maximal at D = 120 nm. From the detailed absorption map displayed in Fig. 5(b) , we notice that when the diameter of the nanospheres is over small, e.g., 10 nm, the absorption of light in PSBTBT:PC 71 BM is almost the same as that of the planar control (see the curve with square symbols in Fig. 2) . As D increases, the absorption band is broadened and strengthened gradually and, finally, evolves into a broad and high efficiency one at D = 120 nm due to the excitation of the previously mentioned diverse modes.
Subsequently, the dependence of light absorption on the fill factor F = D/P (when D = 120 nm) is investigated, as shown in Fig. 5(c) . Since there is a PEDOT:PSS film of 30 nm thickness conformally coated on top of the dielectric nanospheres, the limit state of the structure is when P = 180 nm, corresponding to a fill factor of 0.67. The considered range of F is between 0.2 and 0.67. It is observed that A int also increases monotonously as F increases reaching its maximum at the largest F. In Fig. 5(d) , one sees that with the increase of F, the absorption band of the active material is broadened and strengthened, and then become a broad and high efficiency one at the largest F, similar as the change with the increase of D. It is reflected that the 3-D curved profile introduced through the incorporation of dielectric nanospheres which help trapping light should fill as large as possible the unit cell. At small F (from 0.2 to 0.6), though some plasmonic resonances at the long wavelengths of 820 nm and 890 nm are excited, their contribution on the enhancement of A int is quite minor because these peaks are out of the absorption band of PSBTBT:PC 71 BM.
The study of the effect of the refractive index (n) of dielectric nanospheres on light absorption is also carried out (here keeping D = 120 nm and F = 0.67). It is seen from Fig. 5 (e) and (f) that the absorption spectrum is less sensitive to the material index of the dielectric nanospheres, with respect to the structural parameters of D and F. When n increases from 1.0 to 3.0, A int drops from 76.8% to 74.4%, showing a decrease of only 3.23%. Here, in the optimal design, n is set to 1.45, close to the refractive index of silica. In addition, for the patterned devices with low physical dimensions dielectric nanospheres the light absorption are similarly insensitive to the index of nanospheres (not shown).
In fact, it is not easy to fabricate conformally the proposed devices based on the spin coating technique, especially for the thick active layer. With the thickness of active layer increases, the curved profile at the Ag/active layer interface could become more smooth. Our investigations indicate the more smooth Ag boundary, the smaller improvement of light trapping is (not shown). Therefore, our proposed is applicable for the solution-fabricated OSCs with thin active layer and more suitable for thermal evaporation-fabricated OSCs in order to keep the sharp profile of Ag boundary.
Conclusion
In conclusion, we have designed a novel PSBTBT:PC 71 BM-based OSC with the incorporation of 2-D arrayed dielectric nanospheres above the ITO anode. By embossing conformally other functional layers on the top of dielectric nanospheres, a 3-D nanostructured OSC is constructed. Efficient light harvesting in the designed device is achieved through the excitation of diverse modes, such as photonic modes including the hybridization of of Bloch modes and cavity modes, localized plasmonic modes, and their mutual coupling. As a result, the integrated absorption efficiency of the proposed OSC reaches 76.6% at normal incidence, with an enhancement factor of 21.6% with respect to the planar control cell (63.0%). Moreover, our design demonstrates omnidirectional light absorption. The parametrical study has also been carried out, reflecting that the 3-D curved profile introduced through the incorporation of dielectric nanospheres which help trapping light should fill the unit cell as large as possible. It is anticipated that this design would provide a very promising route for achieving high performance OSCs in experiment.
